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Summary 
Erythrocyte invasion by the merozoite is an obligatory stage in the establishment of malaria parasite 
infection. Attempts to study this process, essential to disease progression, have been hindered by the 
poor invasion synchrony of merozoites from the only human malaria parasite species adapted to in 
vitro culture, Plasmodium falciparum. Here, using fluorescence, structured illumination and 
immunoelectron microscopy of in vitro filtered merozoites we succeed in capturing and analyzing 
cellular and molecular events underlying each discrete step of invasion. Monitoring their dynamics 
reveals that commitment to invasion, through merozoite attachment to the erythrocyte, triggers all 
subsequent invasion events. These then proceed without obvious checkpoints. Instead, coordination 
revolves around formation of the merozoite-erythrocyte tight junction, which acts as a nexus for 
rhoptry secretion, surface-protein shedding and actomyosin motor activation. The ability to break 
down molecular steps of invasion provides a general platform to evaluate strategies that target 
merozoite entry for malaria therapy. 
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Introduction 
Few diseases have the global health and economic impact of malaria (Snow et al., 2005). The 
disease is caused by apicomplexan parasites from the genus Plasmodium, of which P. falciparum is 
associated with the majority of morbidity and mortality. In the human host, the asexual blood stage 
of the life cycle is responsible for all clinical symptoms. Over the ~ 48 hr cycle a single parasite 
grows and divides within an infected erythrocyte giving rise to 16 or more merozoites, the smallest 
extra-cellular parasite form (~1-2 microns in length). These egress from the erythrocyte in an 
explosive event (Gilson and Crabb, 2009; Glushakova et al., 2005), dispersing to re-infect other 
erythrocytes. Whilst the process of invasion is completed within seconds to minutes of egress 
(Dvorak et al., 1975; Gilson and Crabb, 2009) responses to merozoite antigens are an important 
component of human malarial immunity (Doolan et al., 2009; Persson et al., 2008). Consequently, 
the molecular events underlying erythrocyte invasion are key targets for both therapeutic and 
vaccine-based strategies to block parasite development (O'Donnell and Blackman, 2005; Richards 
and Beeson, 2009). 
Whilst the morphological stages of merozoite invasion were established forty years ago by detailed 
electron microscopy studies of simian and avian parasites species (Aikawa et al., 1978; Aikawa et 
al., 1981; Bannister et al., 1975; Ladda et al., 1969; Miller et al., 1979), to date, no study has been 
able to characterise these steps in any human malaria parasite. Merozoite priming for invasion is 
likely set in motion following erythrocyte egress, with activation triggered by exposure to the ionic 
composition of the blood plasma (Singh et al., 2010). Invasion then begins with a low affinity 
attachment to the erythrocyte. This interaction is thought to be mediated by merozoite surface 
proteins (MSPs) (Cowman and Crabb, 2006; Gaur et al., 2004), the most well characterised of 
which is the glycosylphosphatidyl inositol (GPI)-anchored MSP-1. The merozoite then reorientates 
so that its apical pole (site of the key secretory organelles: the micronemes and rhoptries) contacts 
the erythrocyte surface (Aikawa et al., 1978; Dvorak et al., 1975; Gilson and Crabb, 2009). At this 
point the merozoite appears irreversibly attached to the erythrocyte and committed to invasion. 
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Active invasion proceeds through a depression in the erythrocyte surface, the invasion pit, followed 
by formation of a tight junction – a close apposition of the parasite and erythrocyte plasma 
membranes (Aikawa et al., 1978; Bannister et al., 1975).  The  parasite’s  actomyosin  motor  (Baum et 
al., 2006b; Miller et al., 1979) then drives the merozoite inside the red cell. As the tight junction 
concurrently progresses rearwards, an electron dense fibrillar coat surrounding the merozoite is 
shed, suggesting proteolytic processing of the parasite surface (Aikawa et al., 1978; Ladda et al., 
1969). Secretion of the lipid rich contents of the rhoptries also occurs during this time (Bannister et 
al., 1986) and likely plays a key role in establishing the parasitophorous vacuole membrane (PVM), 
which fuses to surround the invaded parasite (Lingelbach and Joiner, 1998). 
Despite progress in dissecting these individual stages of invasion along with the identification of 
key proteins involved (reviewed in (Cowman and Crabb, 2006; Gaur et al., 2004)) the molecular 
and cellular coordination of the entire process is still unknown. A protein that likely plays a central 
role at several steps is apical membrane antigen 1 (AMA1). This micronemal protein is well 
conserved across apicomplexan parasites and is essential for parasite viability (Mital et al., 2005; 
Triglia et al., 2000). Evidence suggests AMA1 plays a role in apical reorientation (Mitchell et al., 
2004), rhoptry secretion (Mital et al., 2005) and signalling events upstream of invasion (Leykauf et 
al., 2010; Treeck et al., 2009). Most recently, a role in tight junction formation has also been 
suggested (Collins et al., 2009; Richard et al., 2010). This proposition follows studies with the 
related apicomplexan parasite Toxoplasma gondii, in which AMA1 was identified as a partner to a 
complex containing rhoptry neck proteins (RONs) that localize to the tight junction during host cell 
invasion (Alexander et al., 2005; Besteiro et al., 2009; Straub et al., 2009). At least two members of 
the RON complex, RON4 and RON5, have since been shown to translocate to the cytosolic side of 
the host cell plasma membrane during T. gondii invasion, where they may play an anchoring role 
for the rest of the complex (Besteiro et al., 2009; Straub et al., 2009). Orthologues of these proteins 
have been identified in the malaria parasite and found to associate together in asexual stage protein 
extracts (Alexander et al., 2006; Cao et al., 2009; Collins et al., 2009; Richard et al., 2010). 
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Furthermore, inhibition of the PfAMA1-RON interaction prevents merozoite invasion, 
demonstrating a critical role for the complex during erythrocyte entry (Collins et al., 2009; Richard 
et al., 2010). 
The inability to capture merozoites reliably at every step of invasion, in particular those from the 
only in vitro culture adapted and most virulent species to infect humans, P. falciparum, has been a 
major impediment to understanding how erythrocyte invasion is coordinated. Recently, we 
developed a method to isolate merozoites that retain their invasive capacity, facilitating the study of 
invasion and its inhibition (Boyle et al., 2010). Using this approach, we present fluorescence, 
structured illumination and electron microscopic imaging of P. falciparum merozoites caught in the 
act of erythrocyte entry. Combining these advances in imaging with knockout lines and a panel of 
specific inhibitors we show that invasion hinges on committed attachment by the merozoite to the 
erythrocyte surface, which acts as a master switch triggering all downstream events. Significantly 
though, these downstream events continue without apparent further checkpoints, relying instead on 
the successful orchestration of each event around a formed tight junction - the molecular seal 
through which invasion proceeds. Together these data enable us to propose a model for the 
molecular basis of invasion. Furthermore, the techniques used here provide a simple, widely 
adoptable approach to functionally evaluate novel inhibitors of merozoite invasion by wide-field 
microscopy. 
Results 
Visualization of P. falciparum merozoite invasion 
Synchronous erythrocyte invasion events by P. falciparum merozoites were captured using a 
recently developed method for the isolation of viable merozoites (Boyle et al., 2010). Investigation 
of fixed preparations by transmission electron microscopy (TEM) demonstrated that merozoites 
could be captured and visualised at every step of erythrocyte entry (Figure 1A) and confirmed 
stages of merozoite invasion that have been defined with other Plasmodium species (Aikawa et al., 
- 6 - 
1978; Bannister et al., 1975; Ladda et al., 1969): non-oriented surface attachment (step 1); apical 
attachment (2); early tight junction formation (3, inset); active invasion through the junction into the 
nascent parasitophorous vacuole (PV) (4-7); sealing of the parasite within the PV (8) and completed 
entry (9). To correlate these ultra-structural events with molecular events we undertook 
immunofluorescence assays (IFA) of similar preparations using either a mouse monoclonal or 
rabbit polyclonal antisera to the rhoptry neck protein, PfRON4 (Richard et al., 2010) (Figure S1A). 
PfRON4 is the orthologue of a known marker of the tight junction formed during T. gondii 
tachyzoite invasion (Alexander et al., 2005; Lebrun et al., 2005). PfRON4 labelling could be traced 
from a single point of fluorescence at the merozoite apex on attachment (the rhoptry neck, Figure 
S1B) through to junction closure at the completion of entry (Figure 1B). Notably, midway through 
invasion a ring of PfRON4 fluorescence labelling formed (Figure 1B mid, Movie S1). Following 
the completion of invasion, PfRON4 labelling spread in patches around the expanding PV 
membrane (PVM), suggesting a loss of structural integrity of the junction at this point (Figure 1B, 
<10 min). These data establish our ability to visually dissect the mechanics of P. falciparum 
merozoite invasion by microscopy and to identify invasive events, as defined by an intact ring of 
PfRON4. 
A core molecular component of the merozoite-erythrocyte tight junction: the PfAMA1 and 
RON complex interaction 
The molecular architecture of the merozoite-erythrocyte tight junction is still largely unknown. 
Having  established  PfRON4’s  demarcation  of  an  intact  junction,  we  investigated  whether  the  
interaction of the micronemal protein PfAMA1 with the RON complex, which occurs readily in 
solution (Alexander et al., 2006; Cao et al., 2009; Collins et al., 2009; Richard et al., 2010), was 
supported by their co-localization at the invasion aperture. In parasites fixed prior to or immediately 
post egress from E64 treated schizonts (ETS) a significant proportion of PfAMA1 had already been 
secreted onto the merozoite surface (Figure S2A). Conventional fluorescence imaging of mid 
invasion merozoites revealed that a significant portion of PfAMA1 labelling localized directly 
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within the plane of the ring of PfRON4 fluorescence (Figure 2A, S2A). Remaining PfAMA1 was 
variably localized to the merozoite surface and unreleased micronemes (Figure 2A, S2A). Three-
dimensional structured illumination microscopy (3D SIM) (Schermelleh et al., 2008) demonstrated 
that this ring of PfAMA1 labelling lies within that of PfRON4 (Figure 2B). To explore this 
quantitatively, we measured the distance between peak fluorescent intensity of PfRON4 and 
PfAMA1 labelling, or PfRON4 double labelling (mouse vs. rabbit, Figure S1A), across tight 
junctions (n 20) of mid invasion merozoites (Figure 2C). The distance between PfRON4 and 
PfAMA1 labelling was found to be significantly greater than that of the control measurements 
(Figure 2D, Figure S2B-C, p < 0.0001 t-Test). Since PfAMA1 is known to be on the merozoite 
surface (Peterson et al., 1989; Singh et al., 2010), our evidence for lack of precise co-localization 
with PfRON4 would be consistent with its translocation into the host cell cytosol, as has been found 
with T. gondii RON4 (Besteiro et al., 2009; Straub et al., 2009). This was further suggested by 
double labelling of invading merozoites with a red blood cell surface marker, glycophorin A (Reid 
et al., 1997) (Figure S2D-E; Movie S2). For a more decisive localization we undertook 
immunoelectron microscopy of invading merozoites. PfRON4 immunogold labelling was retained 
within the rhoptry neck pre-invasion but significantly moves, in the majority (Figure 2E), to the 
cytosolic side of the erythrocyte membrane at the time of attachment (Figure 2F, white arrows). 
Once inside, labelling could be seen to associate directly with the junction (Figure 2F). These data 
demonstrate a concurrent localization of PfAMA1 and PfRON4 at the merozoite-erythrocyte tight 
junction and argue strongly in favour of their placement on either side of the erythrocyte boundary. 
Furthermore, they provide evidence that the well-defined PfAMA1-RON complex interaction 
occurs predominantly at the tight junction. 
The order of apical organelle secretion during invasion is a conserved feature of 
apicomplexan host-cell invasion 
- 8 - 
We next sought to define key molecular and cellular events that occur at each invasion stage. First, 
using established markers for key organelles we investigated the order of apical organelle release 
during invasion (Bannister et al., 1975). To complement the micronemal protein PfAMA1 (Figure 
2A, S2A) (Peterson et al., 1989; Singh et al., 2010)), we chose rhoptry associated protein 1 (RAP1) 
as a defined marker of the rhoptry bulb (Richard et al., 2009; Schofield et al., 1986) and ring-
infected erythrocyte surface antigen (RESA) as a defined marker of dense granules (Rug et al., 
2004). 
Pre-invasion through to attachment: Before invasion commencement, and unlike AMA1 within 
micronemes, which was partially released pre-attachment (Figure S2A), RAP1 clearly remained 
within the merozoite apex (Figure 3A,S3A, RAP1 early) posterior to the rhoptry neck as defined by 
PfRON4. RESA was similarly retained within the merozoite body, often at the apical end but 
frequently basal to rhoptries and micronemes (Figure 3B,S3B, RESA early).  
Tight junction and parasitophorous vacuole establishment: Mid invasion merozoites revealed that 
RAP1 labelling had moved to an anterior position beginning immediately adjacent to the junction 
and tracking the exterior of the merozoite as it entered the invasion pit (Figure 3A,S3A, RAP1 mid). 
These observations were confirmed by 3D SIM, showing clearly RAP1 transition pre-, mid- and 
post invasion (Figure 3C). This would establish that release of rhoptry bulb proteins is likely 
concurrent with merozoite passage through the tight junction, with full secretion completed by the 
time of nascent PV formation. RESA, in contrast, retains its position inside the merozoite, 
establishing that release of dense granule proteins likely occurs post-invasion (Figure 3B,S3B, 
RESA mid). 
Erythrocyte sealing and post-invasion: RAP1 labelling late in invasion showed fluorescence 
surrounding the entire parasite (Figure 3A,C, S3A, RAP1 late). Immunoelectron microscopy of 
merozoites at the same stage showed RAP1 immunogold labelling concentrated within the PV 
space or at the PVM, again consistent with release of rhoptry bulb proteins at this time (Figure 3D, 
- 9 - 
white arrows). For RESA, localization became markedly more peripheral and evenly distributed 
around the merozoite immediately post invasion (Figure 3B,S3B, RESA late), supporting the notion 
that dense granules are released post-invasion at the merozoite plasma membrane, as previously 
suggested by studies with simian malaria parasites (Bannister et al., 1975; Culvenor et al., 1991; 
Torii et al., 1989). TEM confirmed that dense granules remain intact at this point (Figure 1A, 3E). 
Closure of the tight junction and sealing of the PVM occurs within 10 min of invasion (Figure 1). 
At this time, RAP1 labelling revealed prominent extensions of the PV into the erythrocyte cytosol 
(Figure 3A, S3A, RAP1 <10 min), confirmed by IEM (Figure 3F). This pattern of labelling would 
strongly support the localization of RAP1 to structures previously reported by EM using simian 
malaria parasites (Bannister et al., 1975; Torii et al., 1989). Signs of RESA translocation via dense 
granule  release  into  the  erythrocyte  cytosol  (absent  in  ≤  2min  samples,  data not shown) were 
already apparent as punctate areas of fluorescence (Figure 3B,S3B, RESA <10 min).  
Our ability to time invasion and post invasion events to the first few minutes before and after entry 
combined with imaging of microneme (Figure 2), rhoptry and dense granule (Figure 1, 3) resident 
proteins strongly supports a general order of organelle secretion - microneme, rhoptry and finally 
dense granule contents – as a conserved feature of apicomplexan host-cell invasion (Carruthers and 
Sibley, 1997). Furthermore, they establish that export of proteins into the erythrocyte cytosol is 
initiated rapidly (within 10 min) after merozoite entry is completed. 
The tight junction acts as the nexus for motor engagement and merozoite surface protein 
release 
We next explored the timing of two key molecular events of invasion: surface protein shedding 
(Blackman et al., 1990) and actomyosin motor function (Miller et al., 1979). TEM has demonstrated 
the loss of a fibrillar surface coat of unknown molecular nature with merozoite progression through 
the tight junction (Aikawa et al., 1978; Bannister et al., 1975). We focussed our attention on the 
dominant surface protein MSP1, using antibodies to its processed ectodomain that is released prior 
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to erythrocyte entry (Blackman et al., 1996; Boyle et al., 2010). To explore the site of shedding we 
also investigated the localization of PfSUB2, the sheddase responsible for surface-bound MSP1 
release (Harris et al., 2005b), following a published strategy to epitope tag the endogenous locus (as 
per (Harris et al., 2005b), Figure S4B). Finally, as a marker for the engaged actomyosin motor, we 
used antibodies to Plasmodium actin (F. Angrisano and J.Baum, manuscript in preparation), which 
show strong specificity for malarial compared to erythrocyte actin (Figure S4D). 
Pre-invasion through to attachment: Before the commencement of invasion no loss of MSP1 
labelling was apparent (Figure 4A,S4A, MSP1 early) (Boyle et al., 2010). However, even in 
parasites at early stages of invasion, the majority of PfSUB2 had already reached the posterior pole 
of the merozoite (Figure 4B,S4C, PfSUB2 early) with a minority remaining apical, presumably 
within unsecreted micronemes, in some parasites (data not shown). The distribution of actin within 
the merozoite was concentrated at the parasite apex with diffuse labelling elsewhere in the 
cytoplasm (Figure 4C,S4E, Actin early). 
Tight junction and parasitophorous vacuole establishment: Loss of MSP1 tracked the exterior of 
invading merozoite concurrent with different stages of passage through the tight junction (Figure 
4A,S4A, MSP1 mid) (Boyle et al., 2010) resolving at the molecular level, descriptive observations 
of surface coat removal by TEM (Aikawa et al., 1978; Bannister et al., 1975). This lack of 
contiguity between shed protein and PfSUB2 sheddase (Figure 4B, S4C, PfSUB2 mid) suggests 
that MSP1 may be processed by PfSUB2 early in invasion, but finally shed only after complete 
passage through the junction. Also at this stage, a distinct ring of anti-Actin fluorescence could be 
detected, concentrated at the tight junction (Figure 4C,S4E-F, Movie S4, Actin mid). Since active 
invasion requires engagement of the parasite actomyosin motor (Baum et al., 2006a), in particular 
the polymerization of actin (Miller et al., 1979), a high concentration of actin filaments would be 
predicted to occur at the junction itself. This represents the first demonstration of a ring of parasite 
actin forming during apicomplexan host-cell invasion. 
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Erythrocyte sealing and post-invasion: In the latter stages of invasion, the complete absence of 
MSP1 labelling demonstrates that surface processing (of MSP1 at least) occurred with completion 
of invasion (Figure 4A,S4A, MSP1 late) (Boyle et al., 2010). PfSUB2 remained at the posterior 
pole (Figure 4B,S4C, SUB2 late). At this time, the concentration of actin labelling was, as expected, 
at the rear of the invaded merozoite (Figure 4C,S4E, Actin late). 
Combined, these data suggest that the tight junction acts as the nexus around which the traction 
force for invasion, as determined by actin-dependent engagement of the gliding motor, and 
shedding of merozoite surface proteins occurs. However, discontinuity between the junction 
cleavage of MSP1 and posterior localization of PfSUB2 suggests that proteolytic cleavage and 
actual shedding may not occur at the same sites. 
Commitment to invasion is mediated by merozoite invasion adhesins and stabilized by tight 
junction formation. 
Having described core cellular and molecular steps of invasion, we set out to explore the hierarchy 
of their coordination beginning with the process of erythrocyte recognition. Merozoites are likely 
primed for invasion at egress, in particular through the release of invasion adhesins prior to or on 
release from the infected erythrocyte (Singh et al., 2010). Whilst the precise mechanism for 
erythrocyte recognition is not known (Cowman and Crabb, 2006), two adhesin families likely 
mediate commitment by the merozoite to invasion of a target red cell: the erythrocyte binding like 
antigens/duffy binding like proteins (EBL/DBL) and reticulocyte binding protein homologues 
(PfRh) (Cowman and Crabb, 2006; Singh et al., 2005). These in turn mediate invasion through 
alternative pathways, variously dependent on sialic-acid residues of receptors on the erythrocyte 
surface (Baum et al., 2005; Duraisingh et al., 2003b; Stubbs et al., 2005). Attempts to explore the 
distribution of different EBL and PfRh proteins by fluorescence microscopy (using multiple mouse 
and rabbit sera) were inconclusive, showing poor resolution with the fixation methods used (data 
not shown). 
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As an alternative, quantitative, approach to explore the role of PfRh and EBL invasion adhesins we 
used gene knockouts for PfRh4 (Stubbs et al., 2005) and EBA175 (Duraisingh et al., 2003a) on the 
W2mef parasite background – two proteins that carry out functionally complementary roles in 
invasion (Stubbs et al., 2005). In the PfRh4KO line, absence of PfRh4 makes invasion critically 
dependent on usage of erythrocyte sialic-acid residues, likely through the EBA175 adhesin-
mediated pathway (Stubbs et al., 2005). This pathway can be blocked by pre-treating erythrocytes 
with neuraminidase (Nm), which removes sialic-acid residues from erythrocyte receptors. In the 
EBA175KO line (unlike the parent line) upregulation of PfRh4 permits sialic acid-independent 
invasion via this parasite adhesin (Stubbs et al., 2005). Merozoite attachment assays, in which the 
degree of attachment (distinct from invasion) can be measured (Figure S5A-B), with PfRh4KO 
parasites demonstrated that the percentage of surface-bound merozoites to Nm-treated erythrocytes 
was significantly reduced compared to untreated erythrocyte controls using the same knockout line 
(Figure 5A, mean = 30  7% SEM). Since EBA175 is the dominant invasion ligand, and likely 
determinant of sialic-acid dependent invasion in this parasite strain (Stubbs et al., 2005), this 
suggests a role for EBA175 in directly mediating attachment. A reduction compared to untreated 
controls was not seen with the attachment of EBA175KO merozoites to Nm-treated cells (Figure 
5A, mean = 97  2% SEM). Since PfRh4 is the determinant of sialic-acid independent invasion the 
in EBA175KO parasite (Stubbs et al., 2005), cross comparison between knock out lines would also 
support PfRh4 as having a direct role in mediating surface attachment to the erythrocyte. 
Attachment assays incorporated a proportion of merozoites associated with erythrocytes under all 
conditions tested, suggesting the existence of breakthrough attachment events despite washing (see 
Experimental Procedures). To explore the nature of merozoites found attached to Nm-treated 
erythrocytes, IFA inspection of PfRh4KO preparations revealed that most lacked an established 
tight junction (as indicated by a ring of PfRON4 labelling) compared to those found in untreated 
controls (Figure 5B,  inset  shows  “established  tight  junction”  definition)  and  as  such  being,  in  the  
majority, breakthrough attachment rather than actively invading parasites. Together these data 
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support a direct role for PfRh4 and likely EBA175 in mediating committed attachment of 
merozoites to erythrocytes upstream of tight junction formation. This is the first demonstration of a 
precise functional role for either class of protein.  
Given the dependency of attachment on PfRh (and likely EBL) function we next explored how 
other events behave with respect to attachment. Merozoite attachment assays in the presence of a 
20-residue inhibitory peptide (R1 (Harris et al., 2005a)), which blocks formation of the PfAMA1-
RON complex (Richard et al., 2010), showed ~50% reduction in the proportion of bound 
merozoites to untreated controls (Figure 5A, mean = 44  15% SEM). As with Nm-treated 
PfRh4KO, few of the R1-treated breakthrough merozoites found attached to erythrocytes 
demonstrated tight junction establishment (Figure 5B, mean = 8  6% SEM) as predicted (Richard 
et al., 2010). However, presence of cytochalasin D (cytoD), an inhibitor of actomyosin motor 
function (Miller et al., 1979), or phenylmethylsulfonyl fluoride (PMSF), a serine protease inhibitor 
that blocks processing of the surface proteins PfAMA1 and MSP1 (Howell et al., 2003), gave no 
reduction in the number of attached merozoites compared to untreated controls (Figure 5A). 
Furthermore, neither treatment, despite their inhibitory effects on invasion (Boyle et al., 2010; 
Miller et al., 1979) (Figure S5C), significantly reduced tight junction formation as marked by 
PfRON4 labelling (Figure 5B). This demonstrates that a hierarchy exists in the molecular events of 
invasion. PfRh/EBL proteins likely mediate committed attachment to the erythrocyte; a step that 
commits the merozoite to host cell invasion, which may then be stabilized by tight junction 
formation. Motor activity and proteolytic shedding of surface proteins play no role in either process 
and therefore function downstream. 
Coordination of downstream events of invasion follows committed merozoite attachment 
To differentiate the hierarchy of downstream events from committed attachment we explored the 
timing of rhoptry release. This cellular event can be trigged in the absence of erythrocytes by 
incubating merozoites with soluble invasion receptors (Singh et al., 2010) suggesting a link between 
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committed attachment and rhoptry release. PfRh4KO parasites in the process of invasion into 
untreated erythrocytes exhibited normal RAP1 release (Figure 6A, S6A). However, those found 
associated with Nm-treated erythrocytes showed RAP1 labelling retained in the merozoite apex 
anterior to PfRON4 labelling (Figure 6A, S6B). This is consistent with rhoptry release being 
dependent on PfRh/EBL receptor binding (Singh et al., 2010).  
Merozoite invasion in the presence of the R1 peptide also demonstrated rhoptry bulb release. 
However, unlike normal invasion, RAP1 was released aberrantly onto the merozoite or erythrocyte 
surface and not into the erythrocyte (Figure 6B) (mean = 48.7  7.33% SEM, more merozoites 
showed aberrant surface release compared to untreated controls, p<0.05 paired t-test). This is akin 
to that previously described as abortive merozoite invasion (Sterkers et al., 2007). Electron 
microscopic inspection of R1-treated parasites demonstrated an increased number of merozoites 
with aberrant apical extrusions, consistent with anomalous and premature rhoptry release (Figure 
S6C). This demonstrates that even in the absence of tight junction establishment (or with R1-
dependent mimicking of the interaction between PfAMA1 and the RON complex), full rhoptry 
secretion proceeds without coordination. This suggests that whilst tight junction formation, or the 
signal that follows AMA1- RON complex interaction, may play a role in stabilizing attachment, it is 
triggered downstream of the attachment step and the signal attachment gives for rhoptry release. 
Rhoptry bulb release could also be seen to occur in parasites treated with either cytoD or PMSF. 
However, unlike normal capping of the invading merozoite (Figure 6A), or aberrant surface release 
as seen in the presence of R1 (Figure 6B), RAP1 was secreted into the host cell as a whorl-like 
structure spread through the erythrocyte cytosol (Figure 6C-D). Such whorls could be seen by 
electron microscopic inspection of cytochalasin-treated merozoite preparations (Figure 6E). Similar 
structures have been seen by electron microscopy with uninhibited merozoite invasion (Bannister et 
al., 1986; Miller et al., 1979). Indeed, 3D SIM (Figure S6D) or electron microscopy (Figure 6F) 
identified several such events, demonstrating passage of rhoptry contents through the eye of the 
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tight junction (Figure S6D) and, via immunogold labelling, localizing RAP1 to vesicular structures 
inside the erythrocyte (Figure 6F). Quantification of the number of rhoptry-derived whorls seen 
with invading merozoites in treated versus untreated preparations (as labelled with RAP1) show that 
such structures are, however, less frequent in untreated invasion events (Figure 6G, untreated = 9%, 
cytoD = 91%, PMSF = 60%). 
Combined with data from PfRh4KO merozoite attachment of Nm-treated erythrocytes these data 
strongly suggest that rhoptry release, correct tight junction formation, actomyosin activation and 
surface protein shedding are all triggered after committed attachment – an event likely initiated by 
EBL/PfRh proteins. Since each proceeds irrespective of the other, these data demonstrate that 
initiation of the mechanics of invasion likely requires only a singular master initiation switch 
(attachment), with the process then proceeding without checkpoints to full merozoite entry. 
Discussion  
Our ability to image, in detail, key molecular and cellular events during P. falciparum merozoite 
invasion provides a unique window into the mechanics that underlie penetration of this deadly 
parasite into the human erythrocyte. Significantly, our findings indicate that merozoite attachment 
to the erythrocyte is likely to be the master switch triggering all down-stream events, which, once 
initiated, results in the unstoppable progression of invasion: secretion of rhoptry neck followed by 
rhoptry bulb, tight junction establishment, surface shedding and motor activation. Our evidence for 
lack of coordination between down stream events, combined with video microscopy observations of 
R1-treated merozoites actively pulling on the erythrocyte surface (Richard et al., 2010; Treeck et 
al., 2009) (i.e. retaining active motility in the absence of a tight junction) supports the notion that 
these events proceed without further checkpoints. In addition, we demonstrate that successful 
interaction between PfAMA1 and the RON complex, across the two faces of the merozoite-
erythrocyte tight junction, defines a molecular seal through which the rhoptry bulb contents passes. 
Importantly, the tight junction appears to act as a nexus, orchestrating each of these key events 
associated with invasion. 
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Combining our data with those from previous studies allows us to propose a stepwise model for 
establishing asexual blood stage infection (Figure 7). Merozoites, pre-invasion or at the moment of 
egress, exist in an activated state, with their exposure to extracellular ionic conditions triggering 
microneme release onto the parasite surface, an event likely signalled by release of intracellular 
calcium stores (Singh et al., 2010; Treeck et al., 2009). On encountering an erythrocyte, the low 
affinity interaction between the merozoite surface and erythrocyte (likely mediated via surface 
MSPs) is translated into a step of irreversible or committed attachment, possibly concurrent with 
merozoite reorientation to its apex (Dvorak et al., 1975; Gilson and Crabb, 2009). Evidence 
presented here and from knockout studies with other EBL proteins (Singh et al., 2005) would 
support committed attachment as being mediated by EBL/PfRh proteins (Step 1). This step is the 
master switch that triggers all downstream events.  
The internal structure of the rhoptries then facilitates the ordering of two key events. The rhoptry 
neck secretes its contents first, translocating PfRON4, possibly with other members of the RON 
complex, to the cytosolic side of the erythrocyte plasma membrane (Step 2). This complex, likely 
through RON2 (Besteiro et al., 2009), then provides the anchor for PfAMA1 already on the parasite 
surface following egress (released via micronemal discharge). The meeting of PfAMA1 and the 
RON complex defines the molecular seal of the tight junction, which then channels the rhoptry bulb 
contents into the erythrocyte. This release is an unstoppable consequence of triggering rhoptry 
discharge. As such, even when junction formation or merozoite progression is inhibited (such as via 
cytochalasin or PMSF treatment), rhoptry contents are fully released either aberrantly onto the 
merozoite or erythrocyte surface (e.g. following R1 treatment) or as whorls into the erythrocyte 
cytosol (cytochalasin or PMSF) (4 and 5). The possibility that the secretion of rhoptry-derived lipid 
material ahead of the invading parasite is a transient feature of all native invasion, akin to the 
evacuoles described in T. gondii host cell invasion (Hakansson et al., 2001), cannot, however, be 
excluded. The signals to initiate motility are also likely given concurrently with rhoptry release, 
with polymerization of actin occurring in situ at the tight junction. Surface shedding of merozoite 
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MSPs also occurs at this site, however, it is possible that proteolytic cleavage of proteins has 
already occurred. The end of invasion is brought about by sealing of the erythrocyte membrane 
(Step 3). Finally, once sealed, and within a few minutes of invasion, dense granules are secreted 
(not shown), initiating the stages of protein export into the erythrocyte and commencing the 
dramatic process of host-cell remodelling. 
Our work raises several key questions. Foremost, what is the nature of the master signal that arises 
at committed attachment? Recent data suggests it likely involves signalling cascades initiated 
through the cytoplasmic tails of surface adhesins (Dvorin et al., 2010; Leykauf et al., 2010; Treeck 
et al., 2009). Additionally, how is PfRON4 translocated across the erythrocyte membrane? Loss of 
integrity in the erythrocyte membrane may not be necessary for its insertion into the host cell but 
might instead proceed through a fusion of merozoite and erythrocyte derived membranes within the 
invasion pit (Aikawa et al., 1978; Bannister et al., 1975). Indeed, abundant lipid material seen with 
invading P. knowlesi merozoites has been observed at this site (Bannister et al., 1986). The nature 
of the interaction between parasite and erythrocyte membranes raises a further question about the 
molecular nature of the tight junction and its ability to selectively permit transit of certain 
erythrocyte proteins and lipids through its structure (Dluzewski et al., 1989; Lauer et al., 2000). 
The ability to dissect in detail the spatial and temporal localization of key molecular and cellular 
events during P. falciparum merozoite invasion provides a powerful platform to explore the 
mechanisms that underlie new and existing strategies to block the process. The predominance of 
blood stage antigens specifically, and invasion adhesins in general, in current vaccine strategies can 
now be explored in detail as to the nature of the inhibitory effects seen. This allows testing of long 
standing hypotheses about how antibodies against malaria antigens actually protect the host from 
infection. Furthermore, there is now a concrete methodological foundation to test assertions about 
the nature and function of the ever-increasing number of antigens implicated in the invasion 
process. This provides a complementary arm to genetic strategies that explore parasite protein 
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function, in particular for those essential antigens that are unable to be knocked out or genetically 
tagged. 
Experimental Procedures 
Additional detailed methods are presented in supplemental experimental procedures available 
online. All chemicals were from Sigma unless otherwise stated. 
Parasite culture and merozoite preparation 
Wild type (3D7) and transfectant W2mef and D10 P. falciparum asexual parasites (Stubbs et al., 
2005; Wilson et al., 2010) were maintained in standard culture conditions (Baum et al., 2008), 
synchronized using sorbitol and heparin treatment and purified by magnet separation (Macs 
Miltenyi Biotec) before incubation with  10μM  E64  for  7-8 hr. Merozoites were isolated as 
described (Boyle et al., 2010) by passing E64 treated schizonts (ETSs) through  a  1.2μm, 32mm 
syringe filter (Sartorius Stedim biotech, France). Filtered merozoites were added to uninfected 
erythrocytes and processed for invasion or growth inhibition. 
Indirect immunofluoresence assay (IFA), 3D SIM imaging and electron microscopy 
Invading parasites were captured following 2 or 10 min incubation of filtered merozoites with 
erythrocytes,  shaking  at  37˚C.  Samples  for  IFA  were  prepared  as  described  (Tonkin et al., 2004) 
and probed with relevant primary and secondary antibodies (see Supplemental data) before 
mounting  in  VectaShield®  (Vector  Laboratories)  with  0.1ng/μL  4',6-diamidino-2-phenylindole, 
DAPI (Invitrogen). Fluorescence images were obtained using a Plan-Apochromat 100x/ 1.40 oil 
immersion Phase contrast lens (Zeiss) on an AxioVert 200M microscope (Zeiss) equipped with an 
AxioCam Mrm camera (Zeiss). Z-stacks were taken well above and below parasites and processed 
using the Axiovision release 4.7 or 4.8 deconvolution software package. Electron microscopy was 
undertaken as previously described (Baum et al., 2008) (see Supplemental data). 3D SIM imaging 
was performed as described in Supplemental data. 
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Merozoite attachment assays 
Inhibitory compounds were added to filtered 3D7 merozoites prepared as described above at 
1mg/ml R1 peptide (diluted in culture medium), 1µM cytochalasin D (DMSO) and 1mM PMSF 
(Ethanol). After an incubation period of 2 to 10 min, uninfected erythrocytes were added and 
invasion was allowed to proceed for a further 2 min after which the parasites were fixed. Control 
assays were performed with 1/10000 dilution DMSO for cytochalasin, 1/500 dilution ethanol for 
PMSF or media only for R1. Following fixation and washing, merozoite bound erythrocytes were 
labelled with DAPI. Imaging was done using the Mosaic function of Axiovision software, scoring 
three biological replicates of approximately 2000 erythrocytes along with bound merozoites per 
condition. 
Image processing 
Deconvolved Z-stacks were reconstructed in 3D, with interpolation, using Imaris version 6.4.2 or 
7.0.0 (Bitplane Scientific). For clarity of display, gamma settings were altered on 3D 
reconstructions after deconvolution, however no comparisons of labelling levels were made from 
such altered images. General image handling was undertaken using either Image J or Adobe 
Photoshop CS4. Final images were assembled in Adobe Illustrator CS4 for figure generation. For 
junction measurements, invasion events occurring along the x-y plane (tight junction ring along z-
axis) were imaged. Using only RON4-Alexa488 channel data, the z-slice of greatest junction 
diameter was chosen and an intensity profile was taken in the x-y plane, along a line parallel to the 
edge of the junction using Imaris MeasurmentPro module. Peak fluorescence was determined as the 
midpoint of the full-width of signal at three-quarter maximum intensity. Final distance was 
calculated as [distance green(x1) – distance red (x2)]/2. Distances were calculated from raw data 
files as three independent replicates by two observers (see Figure S2). Statistics were calculated 
using an unpaired t-test in Prism 5.0 (Graph Pad Software Inc.) software. 
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Electron and immunofluorescence microscopy of P. falciparum merozoite invasion. 
Time courses of invasion by A) transmission electron microscopy (TEM) and B) wide field 
immunofluoresence assay (IFA) microscopy with deconvolution (single slice or three-dimensional 
reconstruction) labelled with PfRON4. For TEM numbering see main text. IFA scale bar = 2.0µm. 
In 3D images gamma settings were altered and grid represents 0.5 micron intervals. DG – dense 
granules, Mi – micronemes, N - nucleus, PV – parasitophorous vacuole, R – rhoptries, TJ – tight 
junction. See also Figure S1 and Movie S1. 
Figure 2 
PfAMA1 and PfRON4 define core components of the merozoite-erythrocyte tight junction. 
A) Three-dimensional reconstruction of IFA z-stacks showing steps of invasion from attachment 
through to <10 min post invasion labelled with PfRON4 (green) and PfAMA1 (red). Inset shows 
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bright-field and single slice with deconvolution. Scale bar = 2.0 µm. B) Three-dimensional 
structured illumination microscopy (3D SIM) of PfAMA1 and PfRON4 double-labelled merozoites 
during invasion. Scale bar = 0.3 µm. C) Representative z-slices through tight junctions used to 
measure fluorescence intensity profile across the junction to explore PfAMA1 localization with 
respect to PfRON4 compared to PfRON4/RON4 double-labelled preparations. D) Chart shows 
mean distances in arbitrary units between peak intensities across the tight junction (see schematic). 
Values +/- standard deviation comparing PfAMA1 and PfRON4 compared to PfRON4/RON4 
double-labelled preparations (P < 0.0001, unpaired t-test). E) Quantification of gold particles either 
side of the erythrocyte membrane in merozoites with tight junctions immunogold labelled with anti-
PfRON4. Chart shows mean and 95% spread. F) Representative transmission electron microscopy 
with immunogold labelling (white arrows) of PfRON4 (scale bar 0.2 µm). In 3D images gamma 
settings were altered and grid, where present, represents 0.5 micron intervals. See also Figure S2 
and Movies S2.  
Figure 3 
Stepwise secretion of apical-organelle resident proteins from rhoptries and dense granules, 
during invasion  
Three-dimensional reconstruction of IFA z-stacks showing steps of invasion from attachment 
(early), through mid and late invasion, to <10 min post invasion labelled with resident proteins of 
A) the rhoptry bulb (RAP1) and B) dense granules (RESA). Insets show bright-field and single slice 
deconvolution. Scale bar = 2.0 µm. In 3D images gamma settings were altered and grid represents 
0.5 micron intervals. C) 3D SIM time course of invasion labelled with anti-RAP1. D) Electron 
microscopy with immunogold labelling of RAP1 (white arrows). Scale bar = 0.2 µm. E) Electron 
microscopy of merozoite post-invasion showing intact dense granules (white arrows and insets). 
Scale bar 0.2 µm. F) Serial sections of electron microscopy with immunogold labelling of RAP1 10 
min post-invasion (white arrows). Scale bar = 0.2 µm. See also Figure S3.  
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Figure 4 
Coordination of surface protein shedding and actomyosin motor engagement during invasion  
Three-dimensional reconstruction of IFA z-stacks showing steps of invasion from attachment 
(early), through mid and late invasion labelled with markers for A) the merozoite surface (MSP1), 
B) the MSP1 sheddase (PfSUB2 – tagged with an endogenous HA epitope) and C) parasite actin. 
Insets show bright-field and single slice deconvolution. Scale bar = 2.0 µm. In 3D images gamma 
settings were altered and grid represents 0.5 micron intervals. See also Figure S4 and Movie S4.  
Figure 5 
Merozoite attachment mediated by apical adhesins is the first step in committed invasion 
A) Number of attached merozoites, expressed as a percentage of untreated controls for each two 
knockout parasite lines, PfRh4KO and EBA175KO, invading neuraminidase (Nm) treated 
erythrocytes and three inhibitors of invasion: 1mg/ml R1 inhibitory peptide, 1µM cytochalasin D 
(CytoD) and 1mM phenylmethanesulfonyl fluoride (PMSF). B) Number of identifiable established 
PfRON4 tight junctions (defined by scheme – see inset) expressed as a percentage of the total 
number of merozoites seen attached to erythrocytes. All chart values displayed represent mean  
SEM of three independent assays repeated in triplicate. * p <0.05 ** p <0.01 (unpaired t-test). See 
also Figure S5. 
Figure 6 
Coordination between invasion events after committed merozoite attachment 
Three-dimensional reconstruction of deconvolved z-stacks, labelled with anti-PfRON4 and anti-
RAP1 showing examples of: A) PfRh4KO merozoite invasion into untreated versus Nm-treated 
erythrocytes; Parasite invasion in the presence of B) R1 inhibitory peptide; C) 1µM CytoD; and D) 
1mM PMSF. Insets shows bright-field and single slice with deconvolution. Scale bars = 2.0 µm. In 
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3D images gamma settings were altered and grid represents 0.5 micron intervals. E) Electron 
microscopy of 1µM CytoD treated merozoite showing aberrant rhoptry release. F) Serial section 
electron microscopy with immunogold labelling of RAP1 showing co-localization of RAP1 with 
rhoptry-derived membrane into erythrocyte cytosol during an untreated merozoite invasion event. 
G) Number of identifiable aberrant rhoptry whorls seen, as demarked by RAP1 labelling, as a 
percentage of the total number of merozoites seen attached to erythrocytes with CytoD and PMSF 
treatment. Chart values displayed represent mean  SEM of three independent assays repeated in 
triplicate. ** p < 0.01 (one-tailed t-test). See also Figure S6.  
Figure 7 
Schematic model for Plasmodium falciparum merozoite invasion of the erythrocyte 
See main text for details. 1. Following a low affinity attachment merozoite reorientates to its apical 
pole where committed attachment initiates the master signal (yellow lightening bolt) for all 
downstream events. 2. Coordinated entry into the erythrocyte is orchestrated around the established 
tight junction and includes rhoptry secretion, generation of nascent PV and PVM, activation of 
actomyosin motor and shedding of the merozoite surface coat. 3. Sealing of the invaded merozoite 
ends the invasion process followed rapidly by development of the early trophozoite and erythrocyte 
remodelling (not shown). Inhibition of invasion by 4. the R1 peptide (blocks PfAMA1/RON 
complex interaction) or 5. cytochalasin (disrupts motility) or PMSF (disrupts surface coat shedding) 
lead to aberrant rhoptry release. 
Figure1
Click here to download high resolution image
Figure2
Click here to download high resolution image
Figure3
Click here to download high resolution image
Figure4
Click here to download high resolution image
Figure5
Click here to download high resolution image
Figure6
Click here to download high resolution image
Figure7
Click here to download high resolution image
- 1 - 
Super resolution dissection of coordinated events behind malaria parasite invasion 
of the human erythrocyte  
 
David T. Riglar12*, Dave Richard12*, Danny W. Wilson12^, Michelle J. Boyle 12^, Chaitali 
Dekiwadia3, Lynne Turnbull4, Fiona Angrisano12, Danushka S. Marapana12, Kelly L. Rogers1, 
Cynthia B. Whitchurch4, James G. Beeson12, Alan F. Cowman12, Stuart A. Ralph3 and Jake Baum12. 
1 The Walter and Eliza Hall Institute of Medical Research, Melbourne, Australia 
2 Department of Medical Biology, University of Melbourne, Australia 
3 Department of Biochemistry and Molecular Biology, Bio21 Molecular Science and Biotechnology 
Institute, University of Melbourne, Australia. 
4 The ithree Institute, University of Technology Sydney, Australia. 
 
Correspondence to:  
Jake Baum 
The Walter and Eliza Hall Institute of Medical Research 




Email: jake@wehi.edu.au  
Footnote:  * These authors contributed equally to this work 
  ^ These authors contributed equally to this work 
Supplemental Text and Figures




A) Mouse and rabbit antibodies against PfRON4 give identical patterns of fluorescence (by IFA) on 
invading merozoites caught mid-way. B) Two rotations of bound merozoite (see schematic inset) 
imaged by OMX super-resolution 3D structured illumination microscopy (3D-SIM) (Schermelleh et 
al., 2008) showing PfRON4 localizes to the periphery of the twin necks of the rhoptries or rhoptry 
ducts. Gamma settings were altered in 3D reconstruction images. See also Movie S1. 
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Figure S2.  
A) Wide field IFA time course of invasion from pre-egress through to invasion using anti-
PfAMA1/PfRON4. Pre-egress and free merozoites show standard wide-field image. Invasion 
images show IFA with deconvolution (single slice). Scale bar = 2.0µm. B) Chart shows mean 
values +/- standard deviation of fluorescence intensity profile measurements for tight junctions (n  
20) double labelled with RON4/PfAMA1 or RON4/RON4. Values shown are from three 
independent measurements derived from raw image data files by two observers. Correlation 
between measurements made, between average of reader 1 versus reader 2, is shown in C. IFA with 
deconvolution (single slice) using D) anti-RON4 and glycophorin A or E) anti-PfAMA1 and 
glycophorin A. Insets show single z-slice through tight junction at its maximum width for three 
additional independent invasion events. IFA scale bars = 2 µm. See also Movie S2.  
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Figure S3.  
Wide field IFA time course of invasion using A) anti-RAP1/PfRON4 and B) anti-RESA/PfRON4. 
Scale bar = 2.0 µm. Pre-egress shows standard wide-field image. Invasion images show IFA with 
deconvolution (single slice). 




Wide field IFA time course of invasion using A) anti-MSP1/PfRON4. B)  A  single  3’  cross  over  
integration strategy to integrate a triple Haemagluttinin (HA) tag at the end of PfSUB2 was 
undertaken following Harris et al. (2005b). Western blot of wild type 3D7 versus PfSUB2-HA 
parasite line, demonstrating tagged protein (158kDa), probed with rat anti-HA. Loading control 
anti-PfAldolase (Baum et al., 2006). Wide field IFA time course of invasion using C) anti-
HA(PfSUB2HA)/PfRON4. D) Western blot of uninfected red blood cell (RBC) versus schizont 
lysate probed with commercial anti-Actin (clone C4, Millipore) versus anti-PfActin (F. Angrisano 
and J. Baum manuscript in preparation). Wide field IFA time course of invasion using E) anti-
PfActin/PfRON4. See also Movie S4. F) Independent merozoites caught mid-invasion showing 
anti-PfActin/PfRON4 demonstrating ring of actin labelling at the tight junction. Grid in 3D 
reconstruction represents 0.5 micron intervals. IFA scale bar = 2.0 µm.  
- 6 - 
 
Figure S5.  
Attachment assays showing A) pre- and B) post-washing (labelled with Giemsa), demonstrating 
that free or unbound merozoites are removed but not those attached to the erythrocyte (black 
arrows). C) Mean inhibition of growth at 24 hours post invasion compared to untreated control 
(RPMI) with three inhibitors of invasion; the R1 inhibitory peptide (1mg/ml), cytochalasin D, 
CytoD (1µM) and phenylmethanesulfonyl fluoride, PMSF, (1mM). 
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Figure S6.  
Wide field IFA with deconvolution (single slice) using anti-RAP1/PfRON4 of PfRh4KO parasites 
invading A) untreated and B) neuraminidase (Nm) treated erythrocytes. Scale bar = 2.0 µm. C) 
Electron microscopy of R1-treated parasites, demonstrating aberrant apical extrusions on 
merozoites, consistent with anomalous and premature rhoptry release. D) IFA of aberrant RAP1 
whorl during merozoite invasion in an untreated preparation. Left hand image represents 
conventional wide field followed by wide field deconvolution and 3D SIM. Lower image represents 
3D SIM with 3D reconstruction of identical invasion event. 
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Supplemental Movies 
Movie S1. 
Three dimensional rotation of Figure 1B mid. 
Movie S2. 
Three dimensional rotation and scroll through Figure S2D. 
Movie S4. 
Three dimensional rotation of PfActin ring during merozoite invasion. 
Supplemental Experimental Procedures 
Parasite Culture 
P. falciparum asexual parasites were maintained in erythrocytes (blood group O) in standard culture 
conditions (Baum et al., 2008). Experiments used parasite strains derived from D10, D10-PfM3’  
(O'Donnell et al., 2001) (used for IFA) and D10-PfPHG (Wilson et al., 2010) (used for electron 
microscopy) due to their approximate 48 hour life-cycle. Wild type 3D7 or knockout lines for 
PfRh4 and EBA175 on the W2mef background (Duraisingh et al., 2003; Stubbs et al., 2005) were 
used for all growth inhibition studies. Parasite strains were synchronized using sorbitol-treatment 
and heparin (Boyle et al., 2010a). Late stage parasites (40-46 hours post invasion) were purified 
(>95% purity) by magnet separation (Macs Miltenyi Biotec), incubated  with  10μM  of  E64  for  7-8 
hours and pelleted at 1900g for 5 min. Resulting E64 treated parasites (ETSs) were resuspended in a 
small  volume  of  incomplete  culture  media  (containing  no  protein)  and  filtered  through  a  1.2μm, 
32mm syringe filter (Sartorius Stedim biotech, France). Filtered merozoites were added to 
uninfected erythrocytes and processed for invasion or growth inhibition.  
Vector Construction and Transfection 
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C’  terminal  tagging  of  PfSUB2 with a triple Haemagluttinin (3*HA) tag was undertaken using 
pHA3 (Triglia et al., 2009). A flank of PfSUB2 was  amplified  using  the  primers  5’- 
GATCagatctGGAAGAGGTGTTAGATATATTAACAAGG-3’  and  5’  
GATCctgcagcTTTCATAAACATATCATCAAGTTGATTC-3’.  The  crossover flank was treated 
with BglII/PstI (small case letters underscored in primers), purified, and cloned into pHA3 
generating pSUB2_HA3. Parasites were transfected as described previously (Triglia et al., 2009). 
Positive selection for transfectants was achieved using 10 nM WR99210, followed by cycles on and 
off drug to select for integrants. After two cycles off drug parasites were screened by Western blot 
with commercial HA monoclonal (Roche Applied Science, clone 3F10) to test for successful 
integration (Figure S4B). 
Invasion inhibition assays 
Filtered merozoites were incubated with inhibitors (as above) for 10 min after which erythrocytes 
were added, shaken for a further 10 min and grown for 40 min before being washed twice and 
incubated as for normal culture. 24 hours post invasion samples were stained with ethidium 
bromide (10 g/ml, Biorad) and counted by Fluorescence Activated Cell Sorting (FACS) as 
previously described (Boyle et al., 2010a). Invasion rate was calculated as % invaded with respect 
to untreated controls. 
Imaging invasion by indirect immunofluoresence assay (IFA) 
For IFA, samples were prepared as described (Tonkin et al., 2004). Briefly, merozoite invasion 
sample fixation was undertaken at room temperature for 30 min using 0.0075% glutaraldehyde/ 4% 
paraformaldehyde (ProSciTech, Australia) in PBS. Following permeabilization for 10 min with 
0.1% Triton-X 100 (Bio-Rad, USA) in PBS, samples were blocked overnight in 3% BSA (Sigma) 
in  PBS  at  4˚C.  Primary  antibodies  (see  below)  were  diluted  in  blocking  solution  and  incubated  for  
1h. Samples were washed twice in PBS, incubated with secondary antibodies (see below) for 1 hr in 
blocking solution, washed three times and then settled onto polyethyleneimine (PEI) coated 
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coverslips  (type  1.5,  Zeiss).  Mounting  was  in  VectaShield®  (Vector  Laboratories)  with  0.1ng/μL  
4',6-diamidino-2-phenylindole, DAPI (Invitrogen). ETS preparations for imaging were settled onto 
PEI coated coverslips for 15 min at 37oC, then fixed and processed for IFA as above. Free 
merozoites were fixed as above immediately following filtration, washed once in PBS and then 
allowed to dry onto slides before being processed for IFA. Primary antibodies used in IFA imaging 
were used at the following concentrations in filtered 3% BSA/PBS blocking solution: rat anti-HA 
1:100 (Roche, clone 3F10); mouse anti-PfRON4 1:500 (Richard et al., 2010), rabbit anti-PfRON4 
1:250 (Richard et al., 2010), rabbit anti-PfAMA1 1:200 (Healer et al., 2002), rabbit anti-MSP1-83 
1:200 (Boyle et al., 2010b), mouse anti-RAP1 1:500 (Schofield et al., 1986), mouse anti-RESA 
1:200 (Anders et al., 1987) and rabbit anti-PfActin 1:300 (Angrisano et al. unpublished data). 
Secondary antibodies used were Alexa Fluor® 488 or 594 goat anti-mouse, Alexa Fluor® 488 or 
594 goat anti-rabbit and Alexa Fluor® 594 goat anti-rat (Invitogen) diluted 1:500 in blocking 
solution. 
Super Resolution Optical Imaging 
Samples were prepared by IFA as described above. All samples were mounted in VectaShield® 
(Vector Laboratories). Imaging was performed using a DeltaVision OMX 3D Structured 
Illumination Microscopy System® (OMX 3D-SIM, Applied Precision Inc, Issaquah, USA). Solid 
state lasers (405, 488, 593 nm) provided wide-field illumination and multi-channel images were 
captured simultaneously using 3 Photometrics Cascade (Photometrics, Tucson, USA) back-
illuminated EMCCD cameras (>90% QE) with a 512 x 512 CCD, and on-chip charge 
multiplication. All data capture used an Olympus UPlanSApo 100x 1.4NA oil objective and 
standard excitation and emission filter sets (in nm, 405 EX / 419-465 EM, 488 EX / 500-550 EM 
and 592.5 EX / 608-648 EM). 3D-SIM images were sectioned using a 125 nm Z-step size. Raw 3-
phase images were reconstructed as previously described (Gustafsson et al., 2008; Schermelleh et 
al., 2008). Reconstructed images were rendered in 3D, with interpolation, using IMARIS version 
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6.4.2  or  7.0.0  (Bitplane  Scientific)  and  further  processed  as  described  in  the  “Image  Processing”  
section of the Experimental Procedures of the main manuscript.  
The improvement in resolution achieved by the Deltavision-OMX structured illumination imaging 
system (3D-SIM) used in this study is as good as that described in publications by other groups 
(Gustafsson et al., 2008; Schermelleh et al., 2008). Gustafsson et al, 2008 report lateral resolution at 
488 nm excitation/ 525 nm emission by measuring the apparent full-width at half maximum 
(FWHM) of isolated green-fluorescent microspheres of nominal diameter 115 nm was described as 
104 nm and axial resolution as 280 nm. The measured resolution of our system at 488 nm 
excitation/ 525 nm emission by measuring 100 nm microspheres is 118 +/- 4.7 nm in xy and 
approximately 280 nm in z. This is equivalent to the resolution described in Schermelleh et al. The 
increase in resolution above conventional fluorescent microscopy is apparent by comparing images 
of the same cell captured using conventional wide-field deconvolution microscopy and 3D-SIM 
(Figure S6). 
Electron Microscopy 
Free or invading merozoites were fixed in 1% glutaraldehyde (ProSciTech, Australia) on ice for 30 
min. Samples were pelleted in low-melt agarose before being transferred into water, dehydrated in 
ethanol and embedded in LR Gold Resin (ProSciTech, Australia). Following polymerization by 
benzoyl peroxide (SPI-Chem, USA) samples were sectioned on a Leica Ultracut R ultramicrotome 
(Wetzlar) and then prepared for imaging with 2% aqueous uranyl-acetate followed by 5% triple 
lead and observed at 120 kV on a Philips CM120 BioTWIN Transmission Electron Microscope. For 
inhibited samples, concurrently run invasion inhibition assays were used to confirm invasion levels 
in samples and uninhibited controls. 
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